We consider a three-level ⌳-type atomic medium in an electromagnetically induced transparency configuration interacting with two independent broadband squeezed baths. We show that absorptive and dispersive properties of the medium can be controlled using squeezed bath parameters and coupling field strength such that the medium can have subluminal to superluminal group velocity for the probe pulse. DOI: 10.1103/PhysRevA.72.055803 PACS number͑s͒: 42.50.Gy, 42.50.Lc Over the past 15 years, a great deal of attention has been devoted to studying the phenomena of electromagnetically induced transparency ͑EIT͒ and related topics ͓1-4͔. This is because of the potential applications of EIT in lasing without inversion ͓5͔, high-efficiency nonlinear optical processes ͓6͔, efficient propagation of a laser beam through an optically thick medium ͓7͔, high-efficiency population transfer via a coherent adiabatic process ͓8͔, controlled optical bistability and multistability ͓9͔, slow light ͓10͔, and storage of optical pulses ͓11͔. The phenomenon of EIT can be considered as an interrelated group of processes ͑e.g., the coherent population trapping, coherent adiabatic population transfer͒ that results from quantum mechanical coherence and interference in a multilevel system. EIT has been studied extensively and many significant experimental and other results were obtained for a system with three levels in a ⌳ configuration ͓1-4͔. In all such studies of EIT, normal heat baths interacting with two transitions of ⌳ configuration are considered. Here, we investigate absorptive ͑dispersive͒ properties of the EIT medium as well as related effects such as subluminal and superluminal propagation of light, in an ensemble of three-level atoms in the ⌳ configuration interacting with two laser beams and two independent broadband squeezed baths ͓12͔. The central frequency of one of the squeezed baths is near to one of the atomic transitions; whereas, that of the other bath is close to the other atomic transition. There are pairwise correlations between modes symmetrically placed around the central frequency of each of the two baths ͓12͔. However, we assume that there is no correlation between the modes belonging to different baths. A recent work shows that a two-level atomic system, damped by a broadband squeezed vacuum and driven by a weak laser, exhibits a finite refractive index accompanied by zero absorption and can lead to the situation of superluminal group velocity ͓13͔. Some other interesting works were also reported recently on the superluminal light propagation of probe pulses ͓14͔. We consider a three-level atomic system in the ⌳ configuration ͑Fig. 1͒ with levels ͉l͘ ͑l =1,2,3͒ having energies E 1 Ͼ E 2 Ͼ E 3 . The amplitudes of the external driving fields are E P ͑the probe field with frequency P ͒ and E C ͑the coupling field with frequency C ͒ interacting with ͉1͘ to ͉3͘ and ͉1͘ to ͉2͘ transitions, respectively. The master equation for the density operator of this system under dipole and rotating-wave approximations is given by
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where
A mn = ͉m͗͘n͉, ͑m , n =1,2,3͒ are the atomic ladder operators and B i ͑i =1,2͒ are the bath operators; whereas, d 1 ͑d 2 ͒ is the dipole operator corresponding to the transition ͉1͘ to ͉3͘ ͉͑1͘ to ͉2͒͘. The two squeezed baths are assumed to be independent and their modes are ␦ correlated, such that
in which 2⍀ l is the frequency of the pump driving the lth bath, 2␥ l , ͑l =1,2͒ are the Einstein A coefficients for the transitions ͉1͘ to ͉3͘ and ͉1͘ to ͉2͘, respectively. The m l 's are the squeezing parameters ͑m l = ͉m l ͉exp͑i⌽ l ͒, ⌽ l is the phase of lth squeezed bath͒, such that ͉m l ͉ 2 ഛ n l ͑n l +1͒, the equality sign holds in case of an ideal bath that yields a maximum degree of squeezing. In this work, we keep the equality sign for simplicity. Because of the ␦ correlation, the bath variables can be eliminated from Eq. ͑1͒ ͓12͔ resulting in the master equation
with Rabi frequencies corresponding to the transitions ͉1͘ to ͉3͘ and ͉1͘ to ͉2͘ to be 2␣ P =2d 1 E P / ប and 2␣ C =2d 2 E C / ប, respectively. The corresponding laser detunings are
are thus relative phases of squeezed baths, where ⌽ P ͑⌽ C ͒ is the phase of probe ͑coupling͒ field. The equations of motion for the atomic averages are given by
For deriving the equation for the linear susceptibility, we need to solve Eq. ͑6͒ in the steady state. For this purpose, we assume the standard EIT conditions ͓3͔, e.g., the coupling field is much stronger than the probe field and all the atoms are initially in the ground state ͉3͘, i.e., ͗A 11 ͘ ͑0͒ Х 0, ͗A 22 ͘ ͑0͒ Х 0, ͗A 33 ͘ ͑0͒ Х 1, etc. So, the probe field can be considered as a perturbation over ␣ P / ␣ C and we can solve Eq. ͑6͒ perturbatively. We thus obtain the solution of the atomic operator in the first order for the probe transition as
where,
Clearly, the linear susceptibility ͑1͒ is given by
In the following, we assume ␥ 1 = ␥ 2 = ␥ and n 1 = n 2 = n ͑which also implies ͉m 1 ͉ = ͉m 2 ͉ = ͉m͉͒ for the sake of simplicity. After some simplifications, it is easy to show that
͑11͒
To understand how the squeezed bath ͑which is characterized by the phase sensitive noise through the parameter 1 ͒ modifies the EIT characteristics of the three-level ⌳-type system, we plot Im͓ ͑1͒ ͔ and Re͓ ͑1͒ ͔ in Figs. 2͑a͒ and 2͑b͒ under different settings of phase parameter 1 . In Figs. 2͑a͒ and 2͑b͒, curves A, B, C, and D are for 1 =0, , / 2, and − /2, respectively. Note that Im͓ ͑1͒ ͔ is same under the conditions of 1 = ± /2 ͓curves C, D, Fig. 2͑a͔͒ , but Re͓ ͑1͒ ͔ is same under the conditions of 1 =0, ͓curves A, B, Fig. 2͑b͔͒ . This is also evident from the expressions of these two quantities given above in Eqs. ͑10͒ and ͑11͒, respectively. From Fig. 2͑a͒ , it is clear that the EIT dip gets reduced for 1 = ͑curve B, background top to dip ratio 1.5͒ when compared to 1 =0 ͑curve A, background top to dip ratio 2.2͒. The EIT feature for 1 = /2, − /2 ͑curves C, D background top to dip ratio 1.9͒ is intermediate to 1 = 0 and 1 = cases. On the contrary, from Fig. 2͑b͒ , one can see that the Re͓ ͑1͒ ͔ for 1 = /2 ͑curve C͒ lies above the curves for 1 =0, ͑i.e., curves A, B͒, while the curve for 1 =− /2 ͑curve D͒ lies below the curves for 1 =0, ͑curves A, B͒. Most of curve C ͓Fig. 2͑b͔͒ shows a positive value while curve D ͓Fig. 2͑b͔͒ shows a negative value. The position of the zero value of Re͓ ͑1͒ ͔ is at ⌬ P / ␥ = ϯ 1.6 for 1 = ± /2 ͓curves C, D of Fig. 2͑b͔͒ conditions, which are different from 1 =0, ͓curves A, B of Fig. 2͑b͔͒ conditions where this occurs at ⌬ P / ␥ = 0 , ± 0.9. This implies that squeezed bath ͑through its phase sensitive noise͒ can control both absorptive and dispersive properties of an EIT medium in an effective manner. One can modify the response of the system in terms of ab- sorptive ͑dispersive͒ profiles by simply changing the phase of the anisotropic noise distribution of the squeezed bath. We come across an interesting situation by examining Eq. ͑11͒ for the Re͓ ͑1͒ ͔. For specific choices of the phase parameter ͑ 1 ͒ of squeezed bath, i.e., 1 =0 or ͑meaning sin 1 =0͒ with ⌬ C = 0, we get from Eq. ͑11͒
If we keep changing ⌬ P and simultaneously adjust the coupling field ␣ C by the relation ␣ C 2 =4␥ 2 n 2 + ⌬ P 2 , for fixed ␥ and n, when m is to be maximally squeezed, then we find that Re͓ ͑1͒ ͔ = 0 always with the variation of ⌬ P . This means that by simultaneously adjusting the coupling field strength while varying probe detuning, it is possible to create a medium in which the probe field has no dispersion or it has a flat refractive index profile for all the frequencies. This is depicted in Fig. 3͑b͒ . The absorption is given by Im͓ ͑1͒ ͔ is also flat or constant ͑ϳ1/͓͑5n +2͒ −2ͱn͑n +1͔͒͒ at all the frequencies under the same conditions. We call this condition of ␣ C
2

=4␥
2 n 2 + ⌬ P 2 a "criticality condition" for the coupling field strength. Correspondingly, the subcritical and supercritical conditions can be defined according to ␣ C 2 Ͻ 4␥ 2 n 2 + ⌬ P 2 and ␣ C 2 Ͼ 4␥ 2 n 2 + ⌬ P 2 , respectively. The subcritical condition produces normal absorption ͓curve B, Fig. 3͑a͔͒ and certain dis persion ͓curve B, Fig. 3͑b͔͒ features for the medium. There is an absorption maximum at ⌬ P = 0 due to the subcriticality condition. Correspondingly, the dispersion is 0 at ⌬ P =0.
On the contrary, if we resort to supercriticality condition of the coupling field, then there is an inverted or reduced absorption ͓curves C, D of Fig. 3͑a͔͒ in the medium accompanied by opposite dispersion ͓curves C, D of Fig. 3͑b͔͒ . It is now well established that such dispersions can give rise from superluminal to subluminal light propagation ͓15͔ and the atomic dispersion from normal to anomalous causes pulse delay to change from positive ͑slow light͒ to negative ͑su-perluminal or fast light͒ ͓16͔. Our main interest is to have light propagation with reduced absorption such that probe pulse does not get attenuated considerably. One can optimize the system parameters to get further reduced absorption and narrower profile beyond curve D of Fig. 3͑a͒ . So, by changing the coupling field alone around the critical condition, one can control the response of the medium from an inverted absorptive one to an absorptive one ͓16͔. This implies that in such a medium, the probe pulse can travel from subluminal to superluminal velocities ͑thus producing positive to negative group delays͒ depending upon the value of the coupling field strength ͑an experimentally controlled parameter͒ with respect to the criticality condition.
Another interesting feature of ͑1͒ is revealed by introducing a finite coupling field detuning ⌬ C , which is plotted in 
2 n 2 + ⌬ P 2 , and ␣ C 2 =20␥ 2 n 2 + ⌬ P 2 , respectively. Figs. 3͑a͒ and 3͑b͔͒ . The dispersive profile ͑now in the "opposite terminology"͒ of Im͓ ͑1͒ ͔ is similar to anomalous dispersion when ⌬ C is positive ͓B, C in Fig. 4͑a͔͒ and it becomes a normal dispersion curve when ⌬ C is negative ͓D in Fig. 4͑a͔͒ . The absorptive profile ͑in the opposite terminology͒ of Re͓ ͑1͒ ͔ becomes negative ͑dip-like͒ when ⌬ C is positive ͓B, C in Fig. 4͑b͔͒ and it becomes a usual positive profile ͓D in Fig. 4͑b͔͒ under negative ⌬ C values. So, we get two distinct features due to finite ⌬ C and its sign. Thus, ⌬ C alone can synthesize the medium response by its actual value and sign.
In conclusion, we have studied the three-level ⌳-type system in EIT preferred conditions while the system is interacting with two independent broadband squeezed baths. The squeezed bath phase alone can control the EIT characteristics as well as the dispersive properties of the medium. Physically, this is because of the anisotropy of the noise distribution seen by the atoms. Also, one can uniquely design the system with custom control absorptive ͑dispersive͒ properties just by adjusting the coupling field strength alone ͓only for particular choices of squeezed bath phases as mentioned before Eq. ͑12͔͒ in accordance with a criticality condition involving probe field detuning and bath parameters. One can thus prepare a dispersionless medium with fixed absorption response or a medium which gives rise to subluminal to superluminal group velocities for the probe laser field.
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FIG. 4. Im͓
͑1͒ ͔ ͑a͒ and Re͓ ͑1͒ ͔ ͑b͒ as a function of probe field detuning ⌬ P / ␥ for the parameters ␥ 1 = ␥ 2 = ␥ = 1.0, n 1 = n 2 = n = 0.2, and 1 = 0. Curves A, B, and C are for ␣ C 2 =4␥ 2 n 2 + ⌬ P 2 ͑⌬ C / ␥ =0͒, ␣ C 2 = 0.01␥ 2 n 2 + ⌬ P 2 ͑⌬ C / ␥ =1͒, and ␣ C 2 =10␥ 2 n 2 + ⌬ P 2 ͑⌬ C / ␥ =1͒, respectively; while curve D is for ␣ C 2 =10␥ 2 n 2 + ⌬ P 2 ͑⌬ C / ␥ =−1͒.
